ABSTRACT
INTRODUCTION
Expression of recombinant proteins in bacterial and eukaryotic hosts has become a routine practice in biomolecular research laboratories (8) . Protein expression is most often monitored using SDS polyacrylamide gel electrophoresis (PAGE) (7) . The identification of proteins using this labor-intensive method is confounded by low mass resolution and accuracy, and the inability to detect posttranslational modifications.
The limitations associated with SDS-PAGE analysis of proteins have been overcome in recent years through the development of mass spectrometric techniques for the characterization of biomolecules, specifically with the advent of techniques using matrix-assisted laser desorption ionization (MAL -DI) (10, 11) and electrospray ionization (ESI) (6) mass spectrometry (MS). In addition, the direct determination of proteins using mass spectrometry in complex biologically derived mixtures without extensive sample purification has also been described (1) (2) (3) 5) . Beavis and Chait first reported the use of MALDI-MS for the analysis of protein mixtures in bovine milk and the high density lipoprotein fraction of human plasma (1) . Since then, several MAL -DI-MS methods for monitoring and profiling protein expression in bacterial cells have appeared in the literature (2, 3, 5) . While these techniques represent a marked improvement over laborintensive gel preparation and analysis, sample preparation for the removal of excess salts and impurities (1) (2) (3) 5, 9, 17) before analysis by MALDI-MS can represent a challenge to the non-expert.
Here, we report a simple and rapid method using directly combined liquid chromatography (LC)-ESIMS for the direct identification of phosphoenolpyruvate-sugar phosphotransferase system (PTS) recombinant proteins in bacterial cell-free extracts. This method overcomes the above noted limitation by adding a second dimension to the determination of proteins in complex mixtures by mass spectrometry, and represents a practical complement to analogous MALDI-MS techniques for determination of proteins in complex mixtures.
MATERIALS AND METHODS

Chemicals
Bacto-tryptone and yeast extract were purchased from Difco (Detroit, MI, USA). Phosphoenolpyruvate and trifluoroacetic acid (TFA) were obtained from Sigma (St. Louis, MO, USA). HPLC-grade acetonitrile (ACN) was purchased from Baker-Mallinkrodt (Phillipsburg, NJ, USA). HPLC-grade water, purified using a Milli-Q ® purification system (Millipore, Bedford, MA, USA), was used to prepare all solutions. All other chemicals were of analytical grade.
Escherichia coli Strains and Plasmids
E. coli strain MZ1 ( λ cI857 lysogen) (18) Cloning of pts I into the pRE1 expression vector (15) , pts H into the pKC30 expression vector (13) and crr into the pRE1 expression vector (14) has been described elsewhere.
Expression of PTS Proteins
Strain MZ1 carrying the pRE1 expression vector harboring pts I or the crr gene was grown in 100 mL LB medium containing ampicillin (50 µ g/mL) at 32°C to an A 650 of 0.4. A 40 mL aliquot of this culture was saved for estimating the uninduced level of the PTS protein(s). The remainder of the culture was diluted with an equal volume of fresh LB equilibrated to 60°C and immediately shifted to a 42°C waterbath shaker for 2 h to induce gene expression. Cells were collected by centrifugation at 5000 rpm (Beckman J2-M1, Palo Alto, CA, USA) for 15 min, washed with 25 mmol/L Tris-HCl, pH 7.5, and suspended in 2 mL of 50 mmol/L Tris-HCl, pH 7.5, containing 1 mmol/L EDTA and 0.2 mmol/L dithiothreitol (DTT), pH 7.5. Cells were broken by passage through a French pressure cell at 69 MPa (1 0 000 psi). Cell lysates were centrifuged at 1 4 000 rpm in an Eppendorf ® microcentifuge (Brinkmann Instruments, Westbury, NY, USA) for 10 min before direct analysis by LC-MS. This sample preparation step was effective in removing from the samples large particulates that might obstruct the LC column. The concentration of protein in the lysate ( ∼ 12 mg/mL) was determined as described previously (12) .
Phosphorylation of PTS Proteins
The phosphoenolpyruvate (PEP)-dependent phosphorylation of Protein IIAGlc was achieved in a 250 µ L reaction mixture containing 1 mmol/L PEP, 10 mmol/L MgCl 2 , 50 mmol/L TrisHCl, pH 7.5, 0.2 mmol/L dithiothreitol and 5 mg of protein from the cell-free extract enriched with Protein IIAGlc and catalytic quantities of HPr and Enzyme I encoded by the E. coliMZ1 chromosome.
Directly Combined LC-ESIMS
Analysis of proteins in cell-free extracts fromE. coli was carried out with a Hewlett Packard Series 1100 LC/ MSD instrument (Wilmington, DE, USA) consisting of an HP 1100 series liquid chromatograph with a variable wavelength UV absorbance monitor placed in series between the chromatograph and the electrospray-single quadrupole mass spectrometer. LC separations were made using a 2.1 ×150 mm Zorbax 300SB-C8 reversed-phase chromatography column (Mac Mod Analytical, Chadds Ford, PA, USA) thermostatted at 30°C. The LC mobile phase consisted of (A) water containing a volume fraction of 0.05% trifluoroacetic acid (TFA); (B) ACN containing a volume fraction of 0.05% TFA. The PTS proteins HPr and Enzyme I were eluted using the following gradient elution system (System 1) at a flow rate of 0.250 mL/min: isocratic at 15% B, 0-5 min, linear from 15%-80% B, 5-30 min. A second gradient elution system (System 2), developed to optimize the separation of the native and phosphorylated forms of PTS protein IIAGlc, was isocratic at 35% B, 0-3 min, and linear from 35% to 65% B, 3-30 min. Electrospray mass spectra were acquired over the mass/charge range 700-2500 every 1.5 s during the chromatographic separations. The following instrumental parameters were used for MS detection: gain, 3; fragmentor voltage, 120 V; threshold, 100; step size, 0.15; drying gas, 12 L/min; nebulizer pressure, 25 psi; drying gas temperature, 350°C; capillary voltage, 4000 V. 
RESULTS AND DISCUSSION
Our success has been limited in preparing contaminated protein samples (e.g., those found in complex matrixes such as bacterial cell extracts) for MALDI-MS analysis using the variety of on-probe sample cleanup protocols reported in the literature (1-3,5,9,17) . The aim of this study was therefore to establish the usefulness of directly combined LC-MS for the determination of proteins in bacterial cell-free extracts. The described technique requires no sample preparation or pre-purification other than the isolation of cell-free extracts. It uses a benchtop, commercially available LC -MS instrument that is easily operated regardless of user experience. The results of this investigation further demonstrate the power that this simple technique has in the biomolecular research laboratory, namely immediate verification of protein expression in a cell culture, concurrent with a preliminary structural characterization of that protein.
Identification of Recombinantly Expressed Sugar Transport Proteins in Crude Cell-Free Extracts of E. coli
The usefulness of LC-ESIMS for the identification of overexpressed proteins in E. coli cell-free extracts was first demonstrated for the PTS protein HPr. The results of this experiment are illustrated in Figure 1 . Figure 1A shows the total ion chromatogram for the LC-MS analysis of 4 µ L of a cell-free extract with a major peak eluting at 20 min. UV absorbance at 215 nm was also monitored over the course of the LC gradient elution to corroborate the MS data (UV absorbance chromatogram not shown). The assignment of the major component as the PTS protein HPr was made by averaging the mass spectra collected every 1.5 s under the chromatographic peak. The result is the average mass spectrum illustrated in Figure 1B . Each peak in Figure 1B results from protein molecules of the same mass with different numbers of protons attached (individual charge states are indicated in Figure  1B ) and therefore different mass-tocharge ( m/z ) ratios.
The data system of the mass spectrometer calculates the molecular mass of the protein based on knowledge of the charge state and corresponding m/z value for each peak in the spectrum. The mathematical conversion of this envelope of m/zvalues to molecular mass is termed deconvolution. Deconvolution of the spectrum illustrated in Figure 1B identifies a protein of molecular weight 9119.5 ± 0.5 Da. The calculated molecular weight of HPr as defined by its predicted amino acid sequence (16) is 9119.37 Da. This represents a single-run mass measurement error of <0.001%. So as not to overstate the actual capabilities of the instrument used in this study, it should be noted that more typical mass accuracy values for this type of measurement are approximately 0.01%. This value can be compared with molecular weight accuracy values using SDS-PAGE, which normally range from 5%-10% provided there are no posttranslational modifications that affect protein migration under the influence of an electric field. Considering this and the data presented in Figure 1 , the advantage of this method for providing immediate feedback regarding the success of HPr expression, as well as providing a preliminary structural characterization of the protein, is obvious. In addition, no problems (e.g., column obstruction and sample carryover) have been encountered with regard to repeated use of this technique for the analysis of cell-free extracts.
To determine the mass range over which this technique would be routinely useful, two additional PTS proteins, Protein IIAGlc and Enzyme I, were expressed in E. colifollowed by their identification using LC-ESIMS. nent in Figure 2B is 6 3 549 ± 11 Da. The predicted molecular weight of E. coli Enzyme I based on its amino acid composition (16) (Figure 3) . Figure 3B shows the average mass spectrum corresponding to Peak 1 in the total ion chromatogram. The calculated M r for this component is 18119 Da, which corresponds to Protein IIAGlc minus methionine ( ∆131 Da). On phosphorylation of Protein IIAGlc, a second major component ( Figure 3A , Peak 2) appears in the chromatogram with a molecular weight 80 Da higher than that found for Peak 1 ( Figure 3C ). This shift represents the replacement mass value of a phosphate group for a tertiary amine or hydroxyl group. Phosphorylation of His-90 of Protein IIAGlc has been reported in the literature (4), and Peak 2 may represent this species. However, any such assignment would need to be verified by peptide mapping of the phosphorylated Protein IIAGlc. This analysis illustrates the power of directly combined LC-MS in providing sample cleanup and initial separation of multiple analytes by reversed-phase chromatography, combined with direct identification and initial structural characterization of the analytes using mass spectrometric detection.
In conclusion, this method should certainly find use for quality control monitoring of protein expression, and in monitoring the chemical modification of specific proteins in response to environmental or metabolic stimuli. Directly combined LC-ESIMS instrumentation has evolved in recent years to the point of being small, affordable and simple to use. The technique described here is therefore immediately accessible not only to the mass spectroscopist or separations scientist but also to anyone interested in the rapid identification and preliminary structural characterization of biomolecules in complex mixtures.
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